Our group focuses on non-linear physico-chemical phenomena coupled to transport processes occurring either in homogeneous or heterogeneous systems, both on Earth and in Space. Our expertise covers theoretical and experimental knowledge as well.
Introduction
The formation of precipitates from two liquid precursors is gaining more and more importance in the field of materials science due to its relevance in synthesizing and engineering bottom-up made solid materials with appropriate properties. [1] [2] [3] [4] [5] [6] Precipitation may occur via the intermixing of two separate homogeneous solutions of the ionic ingredients of a sparingly soluble salt in concentrations exceeding the solubility product of the given salt.
Depending on how such mixing is accomplished, different product properties may be achieved. The simplest possibility consists of mixing the two reactants in a well-stirred container, usually resulting in the thermodynamically most stable product. 7, 8 Another method -widely termed as flow-driven precipitationinvolves the radial injection of one reactant into the other one either being confined between two plates 9, 10 or forming a thin solution layer open to the air. 8, 11 Such a technique providing spatial gradients (concentration, density, pH, etc.) opens the door to producing thermodynamically unstable polymorphs and differently shaped crystals showing a well-defined spatial distribution. This kind of promising possibility has attracted the attention of the pharmaceutical industry as well, where the role of polymorphism is obvious. 12, 13 In addition, the interplay between chemical reactions and hydrodynamics gives rise to complex spatial patterns, which may be important for CO 2 sequestration by means of calcite precipitation taking place in confined domains. 14, 15 Self-assembled 3D precipitate structures can be achieved as well via flow-injection techniques providing good control of the evolving tube-like membranes usually referred to as chemical gardens. Those inorganic livinglike structures are also found in nature in hydrothermal vents 6 and have been a subject of interest due to their wide applicability in designing materials and devices. [16] [17] [18] [19] [20] Although it can be seen that precipitation performed under appropriate conditions may pave the way for various scientific advances, it is definitely a challenge to choose the right chemicals yielding a product with tunable properties (e.g. chemical composition, crystal morphology and size distribution, microand macro-structures of composite systems, etc.). There have been studies focusing on either 1D, 2D, or 3D precipitation patterns as the macroscopic descriptors of the microscale behaviour. Research was undertaken on how the chemical character of the reactants influences the resulting patterns, 10, 17, 21 how the mobility of different ions determines the precipitate wall evolution, 22, 23 and how the chemical character of the products corresponds to the physical properties of precipitate membranes. [24] [25] [26] To enhance the capabilities of precipitation systems applying flow-injection techniques, one may also consider the coupling between kinetics and in situ hydrodynamics. The flow field being affected by different transport processes and spatial effects (diffusion, osmosis, gravity currents, and permeability changes) has been thoroughly investigated. 8, 23, 24, 26, 27 However, to the best of our knowledge, no kinetic characterization has been performed for macroscopic precipitation systems. As a starting point, one may probe this in two different ways. First, the classical homogeneous reaction kinetics approach could be tested for such a reactive heterogeneous system to see whether any rate law based on the initial reactant concentrations could be found with meaningful orders with respect to individual components. 28, 29 When applying this method, it is not obvious that the appearance of a solid/liquid interface in the bulk will not significantly change the system behavior. The other reasonable way of investigation could be based on Classical Nucleation Theory (CNT) directly elaborated for the nucleation and crystal growth steps of supersaturated non-reactive systems. 30, 31 Although this approach must be definitely applicable independent of the solid/liquid interface, the reactive character of the nickeloxalate system (also involving numerous chemical equilibria) may render the theory set up for one component, supersaturated systems invalid. In addition, compared to standard crystallization studies, relatively large supersaturation levels must be maintained to produce a sufficient amount of precipitate for the formation of well-defined, macroscopic, and self-supporting solid structures. Also, applying CNT for macroscopic systems is circuitous since the required parameters are on the molecular level and hard to access for many relevant reactants. Therefore, in this study, presenting experimental kinetics results for the nickel-oxalate precipitation in the macroscale, we focus on comparing the applicability of both the classical homogeneous reaction kinetics and the CNT approaches. Furthermore, we show that easy-to-use power law functions obtained in well-stirred batch systems may be successfully used to estimate the precipitation timescale in flows.
Experimental
When two precipitants are mixed together in such concentrations that the solubility product of the appropriate sparingly soluble salt is exceeded, precipitation will take place sooner or later. If precipitation is not too fast (i.e. the mixture is stable for at least tens of seconds), its temporal evolution can be followed via turbidity (T), since the solid particles scatter light. Throughout this study, systematic spectrophotometric measurements of nickel-oxalate precipitation were carried out using a UV-Visible spectrophotometer (VWR UV-3100PC). We highlight here that the transmittance of the dissolved molecules does not contribute to the decrease of the light intensity at the wavelength provided (340 nm).
For the experiments, stock solutions of NiCl 2 and Na 2 (COO) 2 were prepared from analytical grade chemicals. All solutions were prepared by using ion-exchanged water (Purite RO100 instrument, 2.1 mS cm À1 conductance at 25 1C). Measurements were performed for concentrations ranging from 0.005 to 0.140 M in such a way that both reactants had equal concentrations in the mixture. The pH of the stock oxalate solution was always maintained at 4 by adding droplets of HCl. Since the reactant mixture is greenish, the wavelength was fixed at 340 nm for all measurements to avoid the absorbance of Ni aq 2+ ions. To measure the turbidity over time, a commercial quartz cuvette (1 Â 1 Â 4 cm 3 ) was used to hold the reaction mixture. To begin the experiment, the cuvette was first filled with 2 mL of an aqueous solution of Na 2 (COO) 2 to set as the background (T = 0). Then, 1 mL of oxalate was pipetted out and another 1 mL of NiCl 2 solution was added to prepare a 1 : 1 concentration ratio solution. The cuvette was then sealed and the system was kept under vigorous stirring (mimicking the mixing present with flow-injection techniques) throughout the reaction. The turbidity was scanned with a time interval of 2 s in every case with the total scan time depending on the reactant concentrations. To check the reproducibility, for each concentration, the experiments were repeated at least three times. For the measurements described above, the stirring rate was fixed to E700 rpm. However, to test the robustness of our system against stochastic effects, we also performed experiments by changing the speed of the stirrer to higher (E1000 rpm) and lower (E380 rpm) rates. It was observed that once the solution is sufficiently stirred to be homogeneous, which is in fact the case for all those rates, there is no significant effect of the stirring rate on the turbidity and thus on the precipitate formation. It was also checked via doubling the volume of the reactant mixture that the characteristic reaction time is independent of the volume of the reactants, if the mixing is efficient.
To perform a time-elapsed characterization of the precipitate size distribution, scanning electron microscopy was applied (Hitachi S-4700). Samples were prepared by mixing the two reactants in equal amounts as previously, thus resulting in a reactant mixture with a total volume of 30 mL. The mixture was kept under continuous stirring. When precipitation started, 5 mL was pipetted out from the mixture into a beaker containing 100 mL to slow down the reaction. At regular intervals, 5 more samples were taken in the same way in separate beakers. Those measurements were performed for higher (a mixture of 0.14 M NiCl 2 and 0.14 M Na 2 (COO) 2 solutions) and lower (0.05 M NiCl 2 and 0.05 M Na 2 (COO) 2 solutions) reactant concentrations as well. The time step for sampling was 2 min for the higher reactant concentration and 10 min for the lower reactant concentration. The suspensions were first filtered (Pall GN-6 Metricel Membrane Filter, 0.45 mm) and then the solid samples were thoroughly rinsed and collected for analysis.
Results and discussion

Particle size distribution
In the spectrophotometric measurements, the T-t graph depicts an S-shaped curve, as shown in Fig. 1(a) , for one such experiment. The reactants are mixed (and thus supersaturation is reached) at t = 0 s. It is seen in the initial stage that turbidity is technically zero. Later on, after a certain period of time, T starts to increase, which manifests as an inclination in the curve. From that point, the turbidity grows more or less linearly with a slope depending on the reactant concentration. Finally, the curve slowly reaches saturation. Although the entire T-t graph is reproducible (see Fig. 1(b) ) and reveals the kinetic description of the reaction, some characteristics of the system must be taken into consideration.
When precipitation starts, not only the number of nuclei but also their size may change with time. Therefore, those two parallel effects could simultaneously contribute to the turbidity growth, making the data processing difficult at later stages.
One of the main goals of the present study is to provide an easy-to-use method for gathering experimental data relevant for the precipitation kinetics and also for their convenient evaluation. Therefore, we investigated the time evolution of the precipitate microstructure to see whether the entire turbidity evolution could be easily applied. To do so, scanning electron microscopic images were taken at regular time periods for the reactions carried out with different initial reactant concentrations. As an example, some selected SEM images are shown in Fig. 2 (a) and (b) for a solution composition of 0.070 M with respect to both NiCl 2 and Na 2 (COO) 2 . From this figure, it can be seen that the Ni-oxalate precipitate is characterized by a cubic shape. Also, the particles are well separated and closely monodisperse in size for the samples taken shortly after the beginning of precipitation ( Fig. 2(a) ). After a longer time, however, coagulation of the precipitate occurs and aggregates form ( Fig. 2(b) ). The time required for the turbidity to reach saturation depends on the reactant concentration. Therefore, the size distribution of the particles was investigated more often (2 min intervals) for the higher concentration than for the lower one (10 min). A selection of such size distributions allowing the comparison of particles present shortly after reaching supersaturation and also close to the end of the reaction is shown in Fig. 2(c and d) for two different initial concentrations. We see that the size of the particles (0.65 AE 0.08 mm for the lower concentration and 0.95 AE 0.12 mm for the higher concentration) is similar for both concentrations in the beginning of the measurements. Later on, however, both the particle size for one particular case and also the size difference between the two cases are significantly increased and the distributions become broader. To determine the size distribution, overall, more than a thousand particles were taken into account.
In conclusion, we can say that -in our reactive system -the measured turbidity change mostly corresponds to the increasing number of particles at the beginning of precipitation since the size distribution is narrow. However, as time passes, both the increasing particle number and the size distribution shift contribute simultaneously to the turbidity change. Therefore, to validly apply the experimental results for investigating the kinetics of precipitation, not the entire T-t curve but only its initial portion could be easily used. It is also important to point out that the size of the particles at the beginning of precipitation barely depends on the reactant concentration, therefore, we expect no additional uncertainty of the detection arising from this source.
Determination of the induction period
By mixing the two reactants in appropriate concentrations, supersaturation and thus a thermodynamically unstable situation is obtained, which will lead, sooner or later, to precipitate formation. The time elapsed after maintaining supersaturation until solid particles form in an observable amount is usually referred to as the induction period, t ind . [32] [33] [34] In our experiments, the light scattering of the solid particles is used for detection. Turbidity technically does not change until precipitation starts, thus a line ( f (t)) can be fitted throughout the data points recorded in the time period considered as the background (black dotted line in Fig. 1(c) ). The standard deviation for such turbidity values where no trend is seen (i.e. the error of the measurement, s) is found to be in the range of (1-10) Â 10 À4 . Once precipitation starts, T is going to increase steeply and monotonically. The trend of the data set (i.e. the time evolution of T) can be nicely recovered by fitting a high-order polynomial (g(t)) through an appropriately chosen time interval (solid red line in Fig. 1(c) ), which partially overlaps with the linearly fitted part.
To determine the induction period of precipitation, we apply a standard approach taken from analytical chemistry, namely that a measured value can be considered significantly different from the background if it deviates by at least three times the standard deviation of the background (s). Therefore, the time where g(t) À f (t) = 3s is sought; this procedure is depicted in detail in Fig. 1(d) . For this example case, the t ind = 49 s induction period is determined. Although the size of the symbols does not correspond to the error of the measured points, the typical uncertainty of the determination can be estimated from the deviation of the fitted line and the polynomial taking the corresponding turbidity values into account.
Equilibrium composition
The rate of a reaction in most cases depends on the concentration of the reactants with the exception of zero-order reactions (e.g. heterogeneous catalysis). As discussed above, the part of the T-t curve where the reactants are mostly present in the mixture and the product only starts to appear will be used for analysis. It is, therefore, essential to know the initial composition of the reactant mixture for each concentration used throughout the experiments. In the present system, when NiCl 2 and Na 2 (COO) 2 solutions are mixed, complexation reactions being much faster than the precipitation itself take place first. For this reason, in the example case shown in Fig. 1 , T is not absolutely zero for the reactant mixture since, due to technical reasons, only the oxalate solution was taken as the background (T = 0). The color of the reactant mixture is determined by the complexes for which the complexation equilibria (eqn (1)-(5)) are listed below:
Ni 2+ + OH À " Ni(OH) +
Ni 2+ + 2OH À " Ni(OH) 2 (aq)
In eqn (1)-(5), the stability constants of the complexes
and lg b OH4 = 11.9, respectively. 35 To calculate the equilibrium composition of the reactant mixture, all those equilibria are taken into account together with the first and second protonation steps of the oxalate ions (eqn (6) and (7), lg K H1 = 4.27 and lg K H2 = 1.25 35 ):
HOOC-COO À + H + " (COOH) 2 (7) By numerically solving the corresponding algebraic equation system (Wolfram Mathematica), it is found in every case that the large majority (E95%) of both the Ni 2+ and COO 2 2À ions are in the stable Ni(COO) 2 (aq) complex form. The contribution of the literature data precision was checked via performing the same calculations again with lg b = 4.5 and 5.5 values. It was found that the 1 : 1 ratio complex is still dominant even if its percentage slightly decreases for a lower lg b. We highlight here that according to ref. 35 , the Ni 2+ ion has only one type of complex with the oxalate ion. Due to the stability of such a complex, precipitation does not take place immediately after mixing the reactants despite the relatively large concentrations. However, after the induction period, where no significant increase of the turbidity is seen, precipitation begins due to the consecutive equilibria of 
where K À1 = bK sp (solubility product,
Therefore, from here on, all the presented results are based on the concentration of the Ni(COO) 2 (aq) complex (as a precipitate precursor) instead of showing the concentration of the precipitants in the mixture.
Approach I: classical homogeneous kinetics
The spectrophotometric experiments have been performed for 15 different initial compositions of the reactant mixture in order to investigate how t ind depends on the Ni(COO) 2 (aq) concentration. For comparison, some selected T-t curves are shown in Fig. 3 using the logarithmic timescale. Although several studies have proved the stochastic character of crystallisation processes, 33, 34 it can be seen from the graph that our macroscopic precipitation experiment (i.e. reactive crystallisation) is reproducible in the concentration and time ranges applied because fluctuations are small. We also observe that t ind strongly decreases (orders of magnitude) with increasing concentration.
For each experiment carried out, t ind was separately determined by the method described above and then the averaged values were plotted as a function of the Ni(COO) 2 (aq) concentration (denoted as c further on), as shown in Fig. 4 . At this point, we recall eqn (8) where a fast complexation equilibrium is assumed before precipitation takes place. Therefore, as a first step, the two reactant ions (Ni 2+ and (COO) 2 2À ) form an uncharged complex (Ni(COO) 2 (aq)). Upon collision, two of those complex molecules may form a nucleus, which will either dissociate or grow in size and initiate crystallisation. In this context, one may assume that the rate of the reaction -and thus the reciprocal of the characteristic induction period -is proportional to the Ni(COO) 2 (aq) concentration. Therefore, a non-linear fitting through the t ind -c data points is performed using the formula t ind = ac Àa , which is also drawn as the red dashed line in Fig. 4 . The parameters a and a are found to be 0.28 AE 0.07 and 1.88 AE 0.07, respectively, from which the reaction can be considered as second order for the Ni(COO) 2 (aq) concentration. We emphasize here that those results are obtained by simply applying the classical homogeneous kinetics method for which the appearance of a solid phase could be a limiting factor. However, we see that if there is one dominant complex in the mixture and the characteristic time is defined in such a way that not much solid is present, the initial rate of precipitation can be expressed as a function of the complex concentration according to the classical homogeneous kinetics.
Approach II: classical nucleation theory
As was already mentioned in the Introduction section, crystallization processes may be characterized according to Classical Nucleation Theory (CNT) as
where the notations J, A 1 , A 2 and S stand for the nucleation rate, kinetic and thermodynamic parameters, and supersaturation, respectively. 30, 31 Although such a description is traditionally used for non-reactive systems (i.e., supersaturation is reached, e.g., via cooling a saturated solution), it may also be applied for the present situation since we assume that the precipitate forms by the aggregation of uncharged and uniform complex molecules. Therefore, in eqn (9), S is given as the supersaturation of the Ni(COO) 2 (aq) complex defined as the ratio of the actual concentration ([Ni(COO) 2 (aq)] act ) to that in equilibrium ([Ni(COO) 2 (aq)] eq ) S ¼ ½NiðCOOÞ 2 ðaqÞ act ½NiðCOOÞ 2 ðaqÞ eq :
In eqn (10) Â Ã c 0 ð Þ 2 ¼ 10 À8:7 is determined via standard conductometric measurements, and c 0 = 1 mol dm À3 . To investigate whether eqn (9) could be validly applied for the kinetics of the nickel-oxalate precipitation reaction, the reciprocal of the measured induction periods (corresponding to J) is plotted as a function of S in Fig. 5 . It can be seen from the solid black line that CNT describes well the trend observed in the experiments with parameters A 1 = (7.3 AE 3.0) Â 10 À4 s À1 and A 2 = 60.6 AE 10.4. In addition, a power law according to the classical homogeneous kinetics approach (t ind À1 = bS b ) is also fitted through the data set (dashed red line) where parameters b and b are found to be (6.72 AE 5.87) Â 10 À7 s À1 and 1.91 AE 0.17, respectively. Hence, it is found that both curves can be used for the characterization of the precipitation kinetics. Furthermore, since the exponents a and b obtained from the power law fittings seen in Fig. 4 and 5 are equal within error, we can conclude that t ind is closely proportional to the square of either the Ni(COO) 2 (aq) concentration or its supersaturation level.
Probe of applicability
The purpose of the present kinetic investigation is to provide easy-to-use rate laws for the design of macroscopic precipitation experiments coupled with flow to form tailored precipitate structures. To see whether our results corresponding to a well-stirred system could be used under flow conditions, flowinjection precipitation experiments were performed in a radial geometry introduced elsewhere. 8, 11, 36, 37 In the present case, 1 M NiCl 2 solution was injected from below into a large pool of Na 2 (COO) 2 solution with different concentrations (0.100, 0.125, 0.150, and 0.200 M). The injection was carried out by a peristaltic pump at 20 mL h À1 flow rate. The NiCl 2 solution being significantly denser (1.1104 g cm À3 ) than the oxalate (1.008, 1.010, 1.012, and 1.018 g cm À3 , respectively) spreads on the bottom of the reaction vessel and mixes with the upper lying oxalate open to the air. After some time, depending on the oxalate concentration, the precipitate formed and settled down, forming a radial structure (Fig. 6 ). Although such a pattern evolving due to buoyancy-driven instability emerging at the miscible interface of the displaced and invading solutions has been known in the literature for a long time, 38, 39 the exact relation between the radius of the precipitate-less inner circle and the reaction rate has not yet been found. In the present case, a relatively large inner circle (ID E 5 cm) evolves because of the coupling of slow precipitation and radial flow. We highlight here that applying such a low injection rate ensures a negligible particle drift. For comparison, no precipitate-less inner circle was found in the case of Ca(COO) 2(s) , 8 and it was significantly smaller for Co(COO) 2(s) 11 than for Ni(COO) 2(s) , which already suggests a difference in the rate of the reactions.
The injection experiments were reproduced three times for each concentration and the top view images were recorded with 3 s intervals. In every case, the time elapsed from the start of injection until the precipitate appeared was sought. Just as in the well-stirred system, the precipitate appeared earlier (i.e., inner circle formed with a smaller diameter) with increasing reactant concentration (see Table 1 ). During the injection, the concentration distribution of the species changed with time and space, which makes it difficult to estimate the in situ concentration of the nickel-oxalate complex used for the classical homogeneous kinetics approach (Fig. 4) . Therefore, Fig. 7 shows the induction time as a function of the total concentration of the oxalate ions as the only varying parameter of the injection experiments. A power function of t ind = (2.61 AE 0.24)c oxalate À(1.84AE0.04) is found where the exponent agrees well with that determined by applying the classical nucleation theory approach. To understand how the induction period could be proportional to the square of either the nickel-oxalate complex concentration or to the total concentration of oxalate ions, one may consider the following. Taking the results of the well-stirred system into account, one can estimate the in situ concentration of the nickel-oxalate complex ([Ni(COO) 2 (aq)] act ) based on the equation t ind = 0.28c complex
À2
. Thus calculated values together with the experimentally determined induction periods are listed in Table 1 . When the denser NiCl 2 solution advances on the bottom of the vessel, it mixes with the less dense Na 2 (COO) 2 solution. The properties of the evolving convective region depend on the density distribution, which is in fact quite similar for the different concentrations since the density of the oxalate solution varies by less than 1%. Therefore, we can assume that the dilution of the solutions caused by the mixing is technically the same in every case as it is supported by the ratio of the total concentration of the oxalate ions to that of the nickel-oxalate complex (the last column of Table 1 ). At the tip of the invading solution, nickel ions are in stoichiometric excess and thus the concentration of the complex is limited by the concentration of the oxalate ions intermixed, which explains how equations t ind E c oxalate À2 and t ind E c complex À2 can both be valid. Therefore, we see that the result obtained in a well-stirred system (t ind E c complex À2 ) could be usefully applied to estimate the timescale of precipitation under flow conditions even if the exact coefficient depends on the hydrodynamics (e.g. what dilution and stoichiometric ratio are maintained in the mixing zone).
Conclusion
Precipitation experiments bear relevance to many different applications. To maintain good control over the precipitate micro-and macro-structures, appropriate experimental conditions should be applied among which the kinetic characteristics play an important role. It can be seen that the induction period -being a characteristic time of the reaction -can be reproducibly determined following turbidity as a function of time in a well-stirred batch reactor. We described how such an induction period decreases strongly with increasing precipitant concentration. It was found in the nickel-oxalate model system exhibiting fast complexation and slow precipitation equilibria that both the Classical Nucleation Theory based on the supersaturation level and the classical homogeneous kinetics approach based on reactant concentrations may be validly used to describe the precipitation kinetics and estimate induction periods. The applicability of the easy-to-use power law function determined in the well-stirred batch is proved by investigating the same reaction under flow conditions. Therefore, in the future, we will apply the presented spectrophotometric method to systematically investigate the precipitation kinetics of several reactions that are relevant for the production of complex and promising small-scale precipitate structures.
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